On-line, real-time recording of eye orientation using the corneal reflection method JONATHAN VAUGHAN Hamilton College, Clinton, New York 13323 The orientation of a subject's eyes can be automatically sampled in real time at 60 Hz using Mackworth's corneal reflection method, a closed circuit TV system with a brightness-amplitude trigger, and a minicomputer. The organization of the electronic interface and software (for recording and behavioral control) is described, along with the characteristics of the recording system and potential sources of artifact. Sample calibration and experimental data are presented.
The investigation of eye movements by television recording of the corneal reflection of a light source (Mackworth & Mackworth, 1958; Mackworth & Thomas, 1962) has been used by a number of investigators in studies of visual search and discrimination learning (e.g., Gould & Schaffer, 1965; Loftus, 1972) . Manual frame-by-frame analysis and scoring of videotaped or filmed records is timeconsuming and introduces the possibility of error. This paper describes a method for automatically recording the location of the reflected source image in such experiments.' The system described here has been in almost daily use since 1969 in studies of monkeys' visual discrimination learning at the Primate Behavior Laboratory of Brown University (see Schrier & Wing, 1973; Vaughan, 1970) .2
HARDWARE ORGANIZATION
System operation is shown in Figure 1 . The corne ally reflected image of a light source is recorded by a closed circuit TV camera modified so that the horizontal and vertical sawtooth voltages (both 1 V p-p) of the TV scan are accessible externally.
3 A Schmitt trigger senses the brightness level of the composite video output of the TV camera, with the trigger threshold adjusted to detect the image. The position of the image on each TV scan is recorded as follows: At the beginning of the scan, an R-S flip-flop (the "flag") is reset by the computer. When the TV scan crosses the image the video signal exceeds the Schmitt trigger threshold, and the flag is set. The flag is sensed, in tum, by the computer, using a skip instruction. Software then records the vertical and horizontal scan positions of the image, using two analog-to-digital converter channels. If no image is detected in the first 10 msec of the TV scan, the absence of a fixation is recorded (thus, the recording field is limited to the top two thirds of the TV scan). Because of the high frequency of the horizontal scan, it is necessary to retain the voltage present at the instant that the flag is set, using a sample-and-hold amplifier, until it can be sampled by the analog-to-digital converter. Otherwise, the software delay in sampling the horizontal voltage would permit a substantial error in the horizontal position recorded. The sample-and-hold amplifier is controlled by the flag.
BEHAVIORAL CONTROL
The behavioral contingencies of the experiment are also computer controlled. Each trial consists of two phases: a calibration phase in which the subject is required to stare at a fixation point while spatial adjustment of the recording system is checked, and a discrimination phase in which the subject's fixations are recorded while it makes a two-choice discrimination response.
Calibration is maintained by presenting a tone cue at the beginning of a trial and a dimly illuminated spot on the lower of three keys on the response panel (Figure 2 ). The subject fixates this spot (fixation must be stationary with 3 deg of visual angle from one TV scan to the next) for a period of 1-2 sec. When such a fixation has occurred, the spot intensity is briefly increased, and the subject may press the key to initiate the discrimination phase of the trial. On the basis of the location recorded for this fixation, the program may give the experimenter auditory warning that the calibration requires adjustment, which is most easily done by modification of program parameters through the computer's analog input potentiometers. Except for the beginning of an experimental session, this sort of readjustment is required infrequently.
During the discrimination phase of a trial, one pattern stimulus is generated on each of the upper discriminative keys on the response panel and a choice response permitted. Correct choices are reinforced with banana pellets. Codes representing keypress responses and other behavioral data are interleaved with the fixation location data in a data buffer.
At the beginning of each intertrial interval, if the amount of data in the data buffer exceeds the capacity of a tape block, data are written onto magnetic tape. 
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The software is arranged as two quasi-independent: programs run in rapid alternation." The foreground! program controls the behavioral experiment by enabling the display of stimuli on the stimulus CRO, specifying timing intervals, and evaluating responses when they occur. The background program records the location of . This lag may be a problem if an experiment requires accurate recording of the beginning or end of a fixation, as in the measurement of oculomotor reaction time, the duration of individual saccades, or other saccade-dependent procedures (e.g., Reder, 1973) . Since the lag is inherent in the Vidicon tube, it is present whether an automated, or videotape/film system is used. TEMPORAL CALIBRATlON AND ARTlFACfS point stimulus brightens briefly if the subject fixates it for a 1-2-sec period, and responses to the stimulus are reinforced. In this case, several trials are run at each point, then the stimulus is moved to a new position. Both horizontal and vertical linearity is good over a 20-deg range. The vertical and horizontal directions differ somewhat (cf. Mackworth & Thomas, 1962) in scale and variability. Several artifacts may contribute to this difference. First, corneal reflection methods are extremely sensitive to head movements: A .075-mm head movement results in an apparent 1 deg eye movement (Mackworth & Mackworth, 1958) , and the head fixation method used in obtaining these data (see Schrier, Povar, & Vaughan, 1970) did not control vertical movements as well as currently used restraints (Freindlich, 1973) . Second, Gould and Schaffer (1965, Appendix) report that the vertical and horizontal curvatures of the cornea differ; such differences obviously affect the recording scale. Third, the scale of the recording system changes with the placement of the source light and the TV camera lens, and with the angle that these subtend at the corneal surface (this is not a factor in the data of Figure 3 , since these were obtained in a single session). If the position of these relative to the eye cannot be maintained from session to session, the distortion of the visual field in the recorded data will vary. Within these limitations, the system discriminates perfectly between fixations directed at stimuli separated by 15 deg of visual angle (Figure 4 ) and would do so even if the stimuli were much closer together.
Methods that use a Vidicon type TV camera are affected by the time constants of the Vidicon tube and by the discontinuity inherent in the sampling of the TV system. To measure this effect, a fixation was simulated by interposing a photographic shutter between the source light and an artificial glass cornea. Both the pulse of light thus cast on the cornea and the TV monitor output were recorded with phototransistors, and the two were compared on a dual-beam storage oscilloscope ( Figure 5) . A change in the video output of the TV monitor lags from 15-30 msec behind the change in the "position" of the eye. At normally used brightness levels, these time lags are symmetrical, so that the fixation duration is recorded accurately (though it lags
The real-time recording of eye orientation using an on-line adaptation of Mackworth's corneal reflection method accurately records the direction and duration of fixations within ± 1 deg of visual angle and ± 20 msec when head-restrained monkeys serve as subjects. Similar accuracy might be obtained with human subjects if small head movements are adequately restricted. 
